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METHODS FOR BULK STABLE INTRODUCTION AND 
EXPRESSION OF FOREIGN GENES INTO EUKARYOTIC 
PARASITES 



FIELD AND BACKGROUND OF THE INVENTION 

The present invention relates to transgenic eukaryotic parasites 
such as parasitic worms and, more particularly, to the use of transgenic 
eukaryotic parasites, such as parasitic worms as universal grafts for in 
vivo delivery of beneficial gene products in humans and in animals. 
Most particularly, the present invention relates to methods for stable 
transformation of Bilharzia parasites (Schistosoma Spp.) and to the use 
of the resulting stably transformed parasites as universal grafts for in vivo 
delivery of beneficial gene products in humans and in animals. 

Genetic engineering for producing desired gene products is 
presently the sole means available for producing, rather than extracting or 
isolating from natural sources, moderate to large size proteins in quantity. 
This is especially true for proteins of therapeutic importance such as, for 
example, hormones, enzymes, receptors, antigens and cytokines. 

The quantity required as well as the required antigenic 
compatibility to the recipient of these products dictates the use of 
recombinant DNA technologies. Introducing the desired genes to host 
cells in vitro with appropriate upstream control elements has been used 
for the production of medically important proteins. Recombinant 
therapeutic proteins initially prepared in bacteria are increasingly being 
produced in yeasts, and even more so in mammalian cells for obtaining 
suitable post-translational glycosylation where it is required for a fLilly 
functional product 1>2, 3 

Most of the products of recombinant DNA technology are proteins 
which cannot be orally administered for therapy. In general they are 
unstable and poorly absorbed from the gastrointestinal tract, thus they 
must be administered by injection, which limits their use. 

A number of drug delivery systems are being developed to 
overcome this problem, including implantable devices that release 
medication over a prolonged period of time in, what is known in the art 
as, a slow release regime. 

Gene transfer has gained a special importance in this context since 
genes can be inserted into the cells of animals or human patients where 
they could function, as therapeutic agents. This has led to experimenting 
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the use of several viral vectors for introducing functional genes into cells 
extracted from patients, and subsequent implantation of these 
transformed cells for in vivo delivery of the desired therapeutic product, 
in what is known in the art as ex vivo gene therapy 1>2,3 

5 The use of gene transfer, for a variety of research, medical and 

veterinary purposes, will be greatly facilitated if a universal transplant 
exhibiting long survival, and bearing no risk of malignant transformation, 
can be easily tailored for in vivo production of a desired gene product, 
and can be easily introduced, removed and reintroduced. Eukaryotic 

10 parasites exhibiting these features are the subject of the present invention. 

Parasitism has evolved as an adaptation to life in a specialized 
ecological niche offered by another organism, the host, and co-evolution 
made parasites highly adapted to life in their host. Parasites can be found 
within every life form, from bacteria and plants to farm animals, 

15 laboratory animals and humans. 

A spectrum of interrelations exist between parasites and hosts, 
ranging from a violent encounter where the parasite inflicts pathological 
effects and even death on its host, to a benign interaction of a non-violent 
mutual existence and even interdependence between host and parasite. 

20 Such mutual existence on the genome level, as between the DNA 

of certain viruses and the genome of their host, has been exploited for 
enabling gene transfer. 

For example, murine retroviral vectors, which are stably 
integrated into the hosts 1 genome, have been used in human gene therapy 

25 trials, but since they integrate with the host genome at random they can 
potentially induce malignancy or deleterious insertional mutations^. 

Therefore, other integrating viruses like the Adeno-associated 
virus vectors (AAV) are being developed for non-random integration^. 
Since integration into the host genome requires that the host cells are 

30 dividing, other systems which may be suitable for non-dividing host cell 
are being developed for gene transfer, adenoviruses being a notable 
example^??. 

While the study of many different viruses for development of 
recombinant vectors for gene therapy of humans, animals and plants, is a 
35 mainstay in gene transfer/gene therapy research 1, one should consider 
that a long term association between host and parasite is not unique to 
certain viruses but also exists with much higher taxa. 



Yet, the potential of unicellular or even multicellular eukaryotic 
parasites, for a long term production of therapeutic gene products in vivo 
has yet not been studied or exploited at all. 

The potential of parasitic worms for this purpose is of particular 
interest because of their following advantageous features: (i) they exist in 
their host as separate genetic entities with independent capacity for 
synthesis of natural gene products, and potentially also of products of 
newly introduced genes; (ii) they have the qualities of universal 
transplants and sometime of a prolonged survival in their definitive hosts; 
(iii) they can be found in a variety of locations in the body where 
therapeutic gene products can exert their beneficial effect locally or 
systemically; (iv) they do not multiply as adults in their definitive host (in 
order to multiply their eggs have to reach the environment or 
intermediate hosts for further development), and therefore it is possible to 
control their burden in the definitive host by controlling the number of 
the infective stages to which it is exposed, and hence to control the 
amount of gene products secreted; (v) some species of parasitic worms 
multiply clonally as larvae in their intermediate host, which makes 
possible easy propagation of transgenic forms which have incorporated 
genes expressing desired products; (vi) elimination of the pathogenic 
qualities of parasitic worms is, in some cases, readily possible; (vii) 
elimination of the capacity of parasitic worms to continue their life cycle 
and cause contamination of the environment with infective forms, can be 
readily achieved in some cases, and in other cases can be expected, 
pending further studies; and (vii) removal of parasitic worms by effective 
drugs is possible in many cases. 

All of the above features and more are shared by certain 
flatworms, belonging to the Genus Schistosoma (Bilharzia parasites), 
members of the Class Trematoda. Schistosomes are blood fukes of man 
and animals. Eggs of these parasites are released in the excreta and, 
when reaching freshwater, release the first stage larva, the miracidium, 
which infects certain species of freshwater snails with high host 
specificity. At the site of penetration the miracidium rapidly transforms 
to a mother sporocyst within which daughter sporocysts develop 
asexually. About two weeks later, multiple daughter sporocysts are 
released. They migrate to the snails digestive gland (hepatopancreas), 
and within them the cercariae, larvae infective to respective vertebrate 
hosts, develop asexually and are released in large numbers to the water. 



An infected snail may release cercariae from about 5 weeks after 
infection (depending on water temperature) throughout the snail's life 
time (several additional weeks)^. 

As further detailed hereinunder, Schistosomes were selected as a 
model parasite of choice for gene transfer because of their multiple 
advantages. For this purpose the relevant information required for 
evaluating the feasibility of stable transformation and expression of 
foreign proteins by schistosomes and for developing, accordingly, the 
construct vectors and gene transfer conditions required for this purpose 
was integrated. The transgenic schistosomes were developed to serve as 
a model platform intended for the delivery and stable expression of a 
variety of desirable gene products in their intended host. 

PCT Application No. US96/15083 by Miller, published as WO 
97/11191, teaches a method of producing schistosomes as an 
intermediate transgene vector for secretion of desired gene products into 
the bloodstream of a host. The method disclosed is, however, based 
solely on microinjection of schistosome eggs, whereas no experimental 
support for the applicability of microinjection for genetically 
transforming schistosome eggs is provided. While reducing the present 
invention to practice, as is further detailed in the Examples section that 
follows, extensive efforts were made to genetically transform 
schistosome eggs by microinjection of genetic material therein, however, 
not even a single transformant was recoverable by this procedure. On the 
other hand, extensive work and calibration were required to develop 
transformation methods which successfully apply to schistosomes. Thus, 
WO 97/11191, fails to teach one of ordinary skills in the art how to 
genetically transform schistosomes. 

SUMMARY OF THE INVENTION 

The present invention provides transgenic eukaryotic parasites for 
use as universal grafts for in vivo delivery of beneficial gene products in 
humans and in animals. 

According to one aspect of the present invention there is provided 
a eukaryotic diploid multicellular parasite transformed with a transgene. 

According to another aspect of the present invention there is 
provided a method of providing a eukaryotic host with a protein or 
polypeptide, the method comprising the step of infecting the eukaryotic 



host with a eukaryotic diploid parasite transformed with a polynucleotide 
sequence encoding the protein or polypeptide. 

According to another aspect of the present invention there is 
provided a method of genetically modifying a eukaryotic diploid parasite, 
the method comprising the step of transforming the eukaryotic diploid 
parasite using a group transformation method. 

According to still further features in the described preferred 
embodiments the group transformation method is selected from the group 
consisting of electroporation, chemical transformation, lipofection and 
bioiistic bombardment. 

According to still further features in the described preferred 
embodiments the polynucleotide sequence is a transgene. 

According to still further features in the described preferred 
embodiments the protein or polypeptide is secreted from the parasite. 

According to still further features in the described preferred 
embodiments the infection is by a plurality of individuals of the parasite, 
all of the individuals are of a single sex. 

According to still further features in the described preferred 
embodiments the single sex is selected from the group consisting of male 
and female. 

According to still further features in the described preferred 
embodiments the parasite is a worm. 

According to still further features in the described preferred 
embodiments the worm is a flat worm. 

According to still further features in the described preferred 
embodiments the flat worm is a trematode. 

According to still further features in the described preferred 
embodiments the trematode is a schistosome. 

According to still further features in the described preferred 
embodiments the schistosome is selected from the group consisting of 
Schistosoma mansoni, Schistosoma haematobium, Schistosoma 
japonicum, Schistosoma bovis, Schistosoma mattheei, Schistosoma 
rhodhaini, Schistosoma magrebowiei, Schistosoma intercalation, 
Schistosoma curasoni, Schistosoma mekongi, Schistosoma spindale, 
Schistosoma leipere, Schistosoma turkestanicwn, Schistosoma inidicitm, 
Schistosoma nasalis and Schistosoma suis. 
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According to still further features in the described preferred 
embodiments the host is human or animal and the parasite is infective to 
the human or animal. 

According to still further features in the described preferred 
embodiments the parasite is sterile. 

According to still further features in the described preferred 
embodiments the parasite is sensitive to a known drug, the drug is 
therefore effective in removing the parasite from the host. 

According to still further features in the described preferred 
embodiments the polynucleotide sequence is integrated in the parasite's 
genome. 

According to still further features in the described preferred 
embodiments the integration is by homologous recombination into a 
selected genomic locus. 

According to still further features in the described preferred 
embodiments the selected genomic locus is a repetitive sequence. 

According to still further features in the described preferred 
embodiments the selected genomic locus is a unique sequence. 

According to still further features in the described preferred 
embodiments the parasite has distinguishable sexes, whereby a single sex 
of the sexes is used for the infection. 

The present invention successfully addresses the shortcomings of 
the presently known configurations by providing a transgenic eukaryotic 
parasite for use as universal grafts for in vivo delivery of beneficial gene 
products in humans and in animals. The transgenic eukaryotic parasites 
and their use as universal grafts for in vivo delivery of beneficial gene 
products in humans and in animals are enabled by the development of the 
first operable transformation procedure for multicellular eukaryotic 
parasites. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention is herein described, by way of example only, with 
reference to the accompanying drawings. With specific reference now to 
the drawings in detail, it is stressed that the particulars shown are by way of 
example and for purposes of illustrative discussion of the preferred 
embodiments of the present invention only, and are presented in the cause 
of providing what is believed to be the most useful and readily understood 
description of the principles and conceptual aspects of the invention. In this 
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regard, no attempt is made to illustrate details of the invention in more detail 
than is necessary for a fundamental understanding of the invention, the 
description taken with the drawings making apparent to those skilled in the 
art how the several forms of the invention may be embodied in practice. 
In the drawings: 

FIG. 1 is a schematic representation of the glutathion-S- 
transferase (GST) gene from Schistosoma mansoni, wherein TATA 
indicated the location of the promoter, ex = exon, intr = intron, PstI is a 
site for the Pstl endonuclease and GST-1 and GST-2 denote the location 
of these respective PCT primers; 

FIG. 2 is a schematic representation of a GST-GFP fusion 
construct, wherein TATA indicated the location of the GST promoter, ex 
= exon, intr = intron, the streaked Pstl is a former site for the Pstl 
endonuclease which was destroyed by blunt-end formation during the 
cloning procedure; 

FIG 3. is a schematic representation of an GFP-Sml-7 construct 
which includes the GST promoter region (TATA); 

FIG. 4 is a full sequence of the GFP-GST recombinant vector 
including the GST-GFP fusion construct of Figure 2 (SEQ ID NO:l); 

FIG. 5 is a map of the GFP-GST recombinant vector including the 
GST-GFP fusion construct of Figure 2; 

FIG. 6 is a full sequence of the recombinant GFP-Sml-7 vector 
including the GFP-Sml-7 fusion construct of Figure 3 (SEQ ID NO:2); 

FIG. 7 is a map of the GFP-Sml-7 recombinant vector GFP-Sml- 
7 fusion construct of Figure 3; 

FIG. 8 shows results of PCR with cercariae, by employing GFP 
primers, wherein M = size markers, A = transgenic cercariae with 
GFP introduced inversely (control), B = transgenic cercariae with GFP 
introduced directly, WT = wild type cercariae and P = the GFP-GST 
recombinant vector of Figure 5; 

FIGs. 9a-d are confocal microscopy images of cercariae with 
incorporated GFP-GST vector, and with control, wherein Figures 9a and 
9b show GFP-positive cercariae, fluorescence (yellow-white) is seen over 
a red background, Figure 9c shows positive signals in transgenic 
cercariae fluorescence (red) in combination with Nomarski microscopy, 
whereas, Figure 9d shows several wild type cercariae with negative 
signal (only the red background is visible); 




,G531 Ol JL 



WO 00/3281 



PCT/1IL99/00651 



8 



FIGs. lOa-d are confocal microscopy images of cercariae with 
incorporated GFP-Sml-7 vector (Figures lOa-c) and controls (Figure 



5 and of controls, wherein Figures 1 la-d show s worm from an experiment 
in which GST-GFP (inverse) was employed, Figure lie shows a wild 
type worm, and Figures 1 lf-i show a worm from an experiment where 
the GFP was at the direct position. 



10 and of controls, wherein Figure 12a shows a strongly positive male- 
female pair from a GFP-GST transgenesis, Figures 12b-c show a positive 
male worm from an Sml-7 transgenesis experiment, Figures 12d-e shows 
two negative male-female wild type worms, whereas Figure 12f shows a 
female wild type worm; and 

15 FIGs. 13a-d show confocal microscopy images obtained after 

staining with anti-GFP fluorescent antibodies, wherein Figures 13a-b 
show bodies of GFP-GST transgenic cercariae, one with Cy-5 fluorescent 
antibody staining (red over blue, Figure 9b), and the other with both GFP 
(green) and Cy-5 fluorescent antibody (red) staining (Figure 9a), and 

20 Figures 13c-d show cercariae from an experiment with GFP-SM1-7 
transgenesis, stained by both GFP fluorescence and CY-5 fluorescence. 

FIG. 14 is a graph demonstrating shedding of cercariae from snail 
exposed to post electroporation of free swimming miracidia by a GST- 
GFP construct. Five independent experiments are shown. 

25 FIG. 15 show PCR amplification results obtained with free 

swimming cercaria from various electroporation transformation 
experiments. Lanes: 1 - DNA extracted from wild type cercaria (negative 
control) ; 2 - DNA extracted from cercaria transformed with GFP is 
inverse position; 3 - DNA extracted from cercaria transformed with GST- 

30 GFP; 4 - DNA extracted from cercaria transformed with Sm-GST; 5 - 
DNA extracted from cercaria transformed with GST-GFP (GFP inverse 
position); 6 - DNA extracted from cercaria transformed with GST-GFP; 
7 - DNA extracted from cercaria transformed with GST-GFP (GFP 
inverse position); 8 - DNA extracted from cercaria transformed with 

35 GST-GFP; 9 - DNA extracted from cercaria transformed with GFP-GST; 
10 - GST-GFP plasmid (positive control); 11 - no DNA (negative 
control). 



10d); 



FIGs. lla-i are confocal microscopy of transgenic adult worms 



FIGs. 12a-f are confocal microscopy of transgenic adult worms 



FIG. 16 show PCR amplification results obtained with DNA 
extracted from adult worms. Free swimming miracidia were transformed 
by electroporation and served to infect snails. Cercaria obtained from 
transfected snails were used to infect mice, from which adult worms were 
recovered, an analyzed. Lanes: 1 - Sm-GFP, 5 males; 2 - GST-GFP 
(inverse), 5 males; 3 - GST-GFP (inverse) 5 females; 4 - GST-GFP, 5 
males; 5 - GST-GFP, 5 females; 6 - wild type, 5 females; 7 - wild type, 
five males; 8 - GST-GFP plasmid (positive control); 9 - no DNA 
(negative control). 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The present invention is of transgenic eukaryotic parasites such as 

parasitic worms, e.g., schistosomes, which can be used as universal grafts 

for in vivo delivery of beneficial gene products in humans and in animals. 
The principles and operation of the present invention may be 

better understood with reference to the drawings and accompanying 

descriptions. 

Before explaining at least one embodiment of the invention in 
detail, it is to be understood that the invention is not limited in its 
application to the details set forth in the following description or 
illustrated in the drawings. The invention is capable of other 
embodiments or of being practiced or carried out in various ways. Also, 
it is to be understood that the phraseology and terminology employed 
herein is for the purpose of description and should not be regarded as 
limiting. 

Thus, according to one aspect of the present invention there is 
provided a eukaryotic diploid multicellular parasite transformed with a 
transgene. 

As used herein in the specification and in the claims section 
below, the term "eukaryotic diploid" refers to organisms having a diploid 
set of chromosomes. It will be appreciated that, by definition, all 
eukaryotes are diploid in at least a part of their life cycle, typically 
throughout their life cycle. 

As used herein in the specification and in the claims section 
below, the term "multicellular" refers to organisms having differentiated 
cell types interacting there amongst to form a functional organism. 

As used herein in the specification and in the claims section 
below, the term "parasite" refers to an organism which, in at least a part 
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of its life cycle, lives on or within another species, from which it obtains 
nutrients and/or shelter. 

As used herein in the specification and in the claims section 
below, the term "transformed" also means "genetically modified" and 

5 refers to the result of a process of inserting heterologous nucleic acids 
into the genome of a species. Transformation may be effected according 
to the present invention by group transformation methods, such as 
electroporation, chemical transformation, lipofection or biolistically via 
particle bombardment. However, as is further exemplified in the 

10 Examples section that follows, transformation cannot be effected 
according to the present invention by microinjection, which is an 
individual transformation method. As is further exemplified hereiunder 
electroporation, which is a group transformation method, was 
successfully employed to stably transform miracidia, the first 

15 schistosome larval stage, whether still in ova or after hatching. 

The above listed group transformation methods are believed to be 
useful, because all these methods impose fewer damage to the organism 
or developmental stage thereof undergoing transformation, as is 
compared to microinjection. Furthermore, the general practice of the 

20 above listed group transformation methods is well known in the art, 
whereas calibrating a method for maximal efficiency is in the ability of 
an ordinary artisan. Such group transformation methods are generally 
described in, for example, Sambrook et al. 9 Molecular Cloning: A 
Laboratory Manual, Cold Springs Harbor Laboratory, New York 1989, 

25 1992; in Ausubel et aL 9 Current Protocols in Molecular Biology, John 
Wiley and Sons, Baltimore, Maryland 1989; Chang et aL 9 Somatic Gene 
Therapy, CRC Press, Ann Arbor, MI 1995; Vega et aL 9 Gene Targeting, 
CRC Press, Ann Arbor MI (995), Vectors: A Survey of Molecular 
Cloning Vectors and Their Uses, Butterworths, Boston MA, 1988; and 

30 Gilboa et al, Biotechniques 4 (6): 504-512, 1986. It is believed that one 
of ordinary skills in the art would be able to adapt a most suitable 
transformation procedure to an organism of choice. 

As used herein in the specification and in the claims section 
below, the term "transgene" refers to any polynucleotide sequence which 

35 is used to stably transform an organism or cells thereof. A transgene 
typically forms a part of an expression cassette which includes an 
expressible polynucleotide sequence which typically encodes a 
polypeptide or protein, i.e., the transgene. In addition to the nucleic acid 



WO 00/328< 




11 



encoding the protein or polypeptide of choice, the cassette of the present 
invention may include one or more of the following genetic elements: a 
selectable marker, an origin of replication, cis acting control elements 
such as a transcriptional promoter and an enhancer, a translation start 

5 site, a polyadenylation site, a signal sequence for secretion of the protein 
product and the like. The appropriate assembly of these elements into an 
operative expression cassette is within the skills of an ordinary artisan. 
When a transgene is integrated into the genome of a parasite using 
homologous recombination close to control elements at the site of 

10 integration, these control elements may direct the expression of the 
coding region of the transgene. 

According to another aspect the present invention provides a 
method of providing a eukaryotic host with a protein or polypeptide. The 
method according to this aspect of the invention is effected by infecting 

15 the eukaryotic host with a eukaryotic diploid parasite transformed with a 
polynucleotide sequence encoding the protein or polypeptide. Since 
many parasites are known to have restrictive species specificity, the 
eukaryotic diploid parasite and the eukaryotic host are selected 
compatible, in other words, the parasite is selected infectious to the host. 

20 As used herein in the specification and in the claims section 

below, the term "eukaryotic host" refers to a eukaryotic organism from 
which a parasite obtains nutrition and/or shelter. 

According to a preferred embodiment of the present invention the 
protein or polypeptide is secreted from the parasite. To this end, the 

25 polynucleotide sequence preferably includes signal peptides for secretion. 
However, non-secreted proteins are also within the scope of the present 
invention since parasite death can cause release of the protein to the 
host's circulation. 



30 isolated. Typically the protein of choice is missing, dysfunctional or 
ineffective in the host, whereas the parasite serves to replenish the 
missing, dysfunctional or ineffective protein. The protein may be a 
hormone, a growth factor, an enzyme, a clotting factor, a cytokine, an 
antigen, a receptor, a proteinaceous anti-microbial molecule, a 

35 proteinaceous neurotransmitter, etc. 

For example, the protein may be insulin for treatment of insulin 
dependent diabetes. The protein may be a growth hormone or sex 
hormone for treatment of conditions where any of these hormones is 



The protein may be any desired protein for which a gene has been 
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absent, dysfunctional or ineffective, or any other hormone of impaired 
expression in the host. 

In order to control parasite burden within the host and to minimize 
the risk of environmental parasite pollution it is advantageous in some 
embodiments to infect the host with a known number of individual 
parasites of a single sex, either male or female, so as to avoid 
reproduction. 

Alternatively, the parasite burden is maintained un-increased by 
infection with sterile (non-reproducing) parasite individuals. Sterilization 
may be accomplished genetically, for example by crossing heterozygotes 
for a recessive sterility gene, physically by removal of sex and/or 
reproduction organs or by irradiatipn or chemical treatment known to 
damage these organs. 

Burden selection depends on various factors, including, but not 
limited to, the amount of gene product secreted by the pai*asite and the 
amount of gene product required by the host for reversing symptoms or 
treating a condition. One ordinarily skilled in the art would know how to 
adjust the parasite burden by monitoring the host ! s symptoms. 

Many parasitic worms are known. These includes species 
belonging to certain classes of the phyla 
Platyhelminthes, AcanthocepJiala and Nematoda. 

According to a preferred embodiment of the present invention the 
transgenic parasite is a worm, preferably a flat worm, preferably a 
trematode, most preferably a schistosome, including the species 
Schistosoma mansoni, Schistosoma haematobium, Schistosoma 
japonicum, Schistosoma bovis, Schistosoma mattheei, Schistosoma 
rhodhaini, Schistosoma magrebowiei, Schistosoma inter calatum, 
Schistosoma curasoni, Schistosoma mekongi, Schistosoma spindale, 
Schistosoma leipere, Schistosoma turkestanicum, Schistosoma inidicum, 
Schistosoma nasalis and Schistosoma suis. 

For treatment of animals, such as house hold and farm animals 
and animals kept in captivity a parasite compatible with that animal is 
selected, whereas for treatment of man, a parasite compatible with man is 
selected, all according to the species specificity of the parasite. One 
ordinarily skilled in the art would know how to select a parasite species 
which is compatible to treat a given host. 

According to a preferred embodiment of the present invention the 
parasite is sensitive to a known drug, the drug is therefore effective in 
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removing the parasite from the host when so desired. For example, 
schistosomes are sensitive to a variety of schistosomicidial drugs, 
including, but not limited to, praziquantel, oxammquin, metrifonate, 
hycanthone, nicrosamide and other. However, drugs for other parasites 
5 are well known in the art. 

According to a preferred embodiment of the present invention the 
polynucleotide sequence (transgene) is integrated in the parasite's 
genome. The integration may by effected by homologous recombination 
into a selected genomic locus, such as a repetitive sequence or a unique 

io sequence. Integration by homologous recombination is presently 
preferred since the chances of hampering genes which are important or 
crucial for the functionality of the parasite in general and within the host 
in particular are reduced. Integration into a repetitive sequence is 
advantageous since multiple harmless integration sites are available, 

1 5 increasing both the chances of integration and the number of integration 
events, however, these sites are disadvantageous in that in some cases 
they are located in non-transcribed regions of the genome. Integration by 
homologous recombination into unique sequences is also within the 
scope of the present invention. These sequences are selected according 

20 to their functionality. In order to obtain high level of expression of the 
transgene, the integration site is preferably selected close to and down 
stream of strong and effective expression control sequences. In any case, 
the scope of the present invention is not limited to integration by 
homologous recombination, in other words non-specific or non-targeted 

25 integration is also within the scope of the present invention, such that 
even parasites for which no sequence information is available can be 
transformed. Furthermore, non integrated or extrachromosomal (e.g., 
episomal) transgenes are also within the broad scope of the present 
invention, although at present less favorable due to the possibility of 

30 diluting or loosing the transgene during cell divisions. 

While reducing the present invention to practice, schistosomes 
served as a choice model system demonstrating the potential use of 
eukaryotic parasites in general for in vivo delivery of desired gene 
products in their host. The use of parasitic worms is presently of choice. 

35 This may include tapeworms such as Hymenolepis diminuta for 
introducing gene products into the intestines, and the filaria Brugia 
malayi for introducing gene products into the lymphatics, and into the 
circulation. Conditions for abrogating pathogenicity and transmission 
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may influence parasite selection. According to the present invention 
transgenic schistosomes are employed where unisexual infections 
provide these requirements. 

When foreign genes were introduced by electroporation into 

5 miracidia they were incorporated and passaged to schistosome larvae 
developing in the snail, and subsequently into adult worms developing in 
the vertebrate host. Stable transformation and development of 
transgenic worms expressing desired transgene product (GFP in the 
present work which served as an example of a foreign gene) in the target 

10 recipient of this delivery system has been achieved. 

The results achieved while reducing the present invention to 
practice demonstrate that introduction of foreign genes into schistosome 
miracidia within ova or free swimming after hatching from the ova is 
applicable, and that a high proportion of transgenic cercariae was 

15 subsequently obtained after clonal multiplication in the snail host as 
expected. 

The expected advantage of introducing the foreign DNA into 
miracidia by group transformation methods, e.g., by electroporation, was 
confirmed. Introducing the foreign genes both into the GST gene and 

20 preferably into the SMI -7 repeated sequence of the schistosome's 
genome were successful although the second location seems more 
suitable for obtaining better cercarial and adult worm yields. 

The present invention is designed to provide the conditions for 
stable transformation of schistosomes and a modular system into which 

25 desired genes and control elements can be introduced. In the examples 
provided herein, the foreign genes were reporter genes introduced into 
the schistosomal genome preferably by homologous recombination. It is 
demonstrated that control elements of a schistosomal gene such as GST 
can be employed for expressing the foreign genes, and that the foreign 

30 genes can be introduced into an established (unique) schistosomal gene 
or into highly repeated DNA sequences of satellite DNA. The use of 
alternative strong promoters which have been previously demonstrated to 
be active in transgenic eukaryotes, such as the SV40 promoter 19, but not 
excluding other promoters, can also be considered for the same purpose. 

35 Targeting of the foreign genes into genomic locations other than the GST 
gene and the Sml-7 repeated sequence can also be considered. One takes 
into consideration that in some cases the transfected gene may be toxic in 
higher concentrations, or that its expression will require external 
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regulation. In these cases constructs with inducible promoters can be 
prepared. The most effective inducible promoters that are in use for 
transformations of eukaryotic cells are promoters with tetracycline 
regulatory systems*^. Addition or depletion of tetracycline causes these 
promoters to start or stop transcription of the corresponding downstream 
gene coding regions. Other triggers of inducible promoters can be 
incorporated as they become available. The introduction of the construct 
containing the foreign gene into a satellite DNA region offers a 
possibility to avoid putative damage that may arise from introduction of 
the foreign gene within a single copy gene whose function is essential for 
the survival of the parasite. The stable introduction of foreign DNA into 
the schistosomal genome enables stable expression throughout its life 
cycle, depending on the control elements of choice. This, however, does 
not exclude introduction of the desired genes as episomes including the 
desired gene in a recombinant vector. It also does not exclude 
introduction of the desired foreign genes into other locations such as 
mitochondrial intra-cytoplasmic locations, and artificial 
chromosomes^- 71 ? as we u as { n i Q other possible locations not 
mentioned here. The high efficiency of introducing foreign genes into 
the miracidium while in the ovum or when free swimming after hatching 
is demonstrated herein below. Electroporation proved suitable for 
introducing foreign genes into schistosomes, but biolistics, should be 
suitable for this purposes too as can be expected from previous work with 
eukaryotic cells^. Other methods such as lipofection and chemical 
transformation , but not excluding additional methods, are also possible 
now that the principles and feasibility of producing transgenic 
schistosomes have been demonstrated. Introduction of the foreign DNA 
into the miracidium while it is enclosed within the ovum or free 
swimming after hatching was selected for this work but this does not 
exclude introducing the DNA at other developmental stages. The non- 
motile primary sporocyst, which can be obtained in vitro directly by 
transformation from miracidia?2 i s a very likely stage into which foreign 
genes can be introduced and which can then be transplanted directly into 
the snail host as is done with daughter sporocysts taken from infected 
snails29. Since schistosomes multiply clonally within their intermediate 
host (the snail), introduction into miracidia or sporocysts and then 
infection of the snail (naturally for miracidium or artificially for the 
sporocyst) should enable expansion of transgenic clones. Infection of 
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the snail by a single miracidium or sporocyst will ensure a single-sex 
progeny of cercariae for a long period of shedding (weeks). Once the 
transgenic nature of the cercariae as well as their sex^9 are determined by 
PCR with appropriate sex chromosome specific primers, and gene 
5 products identified by, for example, an adjoining reporter gene, and or by 
specific detection of transgene products, the clone can be expanded to 
any desired size by transplantation of the transformed sporocysts into 
naive snails29, l n this way "farming 11 of desired transgenic clones can be 
accomplished and cercariae thereof can be taken "from the shelf at any 
10 time for introduction into a few or into many target animals or humans at 
the same time. 

Abrogating the parasites' pathological responses is a ci'ucial 
requirement for employing parasites for delivery of desired gene 
products. It is therefore important to analyze carefully the dynamics of 

15 schistosome infection and disease. The best known model for this 
purpose is S. mansoni infection in laboratory rodents and the following 
summary is a generally accepted overview?^ s mansoni worms develop 
to maturity (and egg laying capacity) within five weeks. Eggs in the 
tissues require one week to mature and then survive for three weeks. 

20 During the first five weeks of infection Thl cells are dominant in the 
murine immune response with INF-y and IL-2 as dominant lymphokines. 
After egg laying begins, Th2-type responses become dominant with IL-4, 
IL-5 and IL-10 as dominant lymphokines. IL-4 secretion is associated 
with IgE response and IL-5 with eosinophilia. IL-10 down regulates the 

25 Thl responses. At about 12 weeks of infection immunological down- 
regulation occurs, accompanied by down regulation of the granulomatous 
response around S. mansoni eggs and by a reduced collagen synthesis. 

At the early stages of infection^, acute symptoms of fever, 
diarrhea, abdominal pain, myalgia, arthalgia, emaciation, cough, 

30 hepatomegaly and urticaria were the most frequent symptoms 
reported^, 75 Immune complexes appear to have an important role in 
the acute disease, and its resemblance to serum sickness (resulting from 
the well established therapeutic use of antitoxines) has been noted?6,77 

In the baboon, which has been proposed as a model for acute 

35 schistosomiasis mansoni, the onset of symptoms coincides with the onset 
of egg laying47 t In the mouse too, early lesions induced by mature eggs 
appears as the major factors in the pathogenesis of acute schistosomiasis 
mansoni4f\ 
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In humans, on the other hand, in a few cases of those reported 
with a known time of onset of infection, symptoms of acute disease were 
said to have started even before egg laying74,75 These findings, 
although limited, raise the question of whether transgenic unisexual 
schistosomes may in some cases cause acute disease symptoms in 
humans (as opposed to animals). 

Consideration of this possibility is therefore required when initial 
trials of the new technology in humans are carried out. The limited 
information so far available?4,75 ^ s no t clear-cut about the exact time of 
exposure to infection in humans, because the time of exposure was 
determined based on questionnaires and epidemiological information. 
Also, the possibility that the symptoms were caused by other, coinciding, 
causative agents was not excluded, and finally, even if pre-oviposition 
symptoms of acute schistosomiasis did occur in humans, it is not possible 
under natural conditions to separately characterize them (in terms of 
nature, severity and duration) from post-oviposition symptoms. Only 
actual infections of humans selected for treatment by unisexual 
transgenic parasites will make it possible to clarify the net pathogenicity 
of worms. It is also important to mention in this context that egg 
antigens and antibodies to egg antigens passed from mothers to fetuses 
were suggested to protect against acute disease? 8. This finding 
reinforces the presumed role of the eggs in the pathogenesis of acute 
disease in humans too, and it also suggests that a suitable immune 
manipulation may abrogate acute disease (if eventually found in 
controlled unisexual human infections). 

The present invention is suitable for in vivo release by the 
parasites of a variety of desired products of transgenes. It will enable 
preparation of parasites carrying more than one transgene, or introduction 
of more than one population of transgenic schistosomes into target hosts 
for multiple effects, when so necessary. 

It will primarily enable introduction of transgenic larvae 
(cercariae or schistosomula) which will complete development in the 
recipient within several weeks. But transplantation of fully developed 
worms grown in animals for exerting an immediate effect will also be 
possible, but will be logistically more difficult. Among the gene 
products that can be delivered by the present invention are the following, 
not excluding others not mentioned, hormones and growth factors, 
enzymes, clotting factors, cytokines, antigens, receptors, anti-microbial 
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molecules, neurotransmitters, etc. These can be used in three main 
biomedical/animal sciences domains as follows. 

For preparing laboratory animals presenting features for basic 
scientific research purposes: Over- expression of desired gene products; 
expression of inhibitors of natural gene products; correction (total or 
graded) of the phenotypic outcomes of knocking out genes through 
breeding or genetic engineering; altered susceptibility to disease 
conditions that may be caused by agents such as, but not limited to, 
pathogens, chemicals, pharmaceuticals, natural products, environmental 
factors, etc.; altered fecundity and embryonic development; altered 
behavior; etc. Since S. mansoni which was used in this work readily 
infects mice, this embodiment of the present invention is suitable for 
immediate application. 

For veterinary purposes: Over-expression of desired gene 
products; expression of inhibitors of natural gene products; correction 
(total or graded) of genetic or acquired deficiencies; altering the rate of 
development and of gaining body mass; altering fecundity including 
sperm count and oestral cycle; altering efficiency of milk production; 
altering the rate of production of transgene products in transgenic farm 
animals (e.g., in milk) and in clones thereof; altering susceptibility to 
disease agents such as microbes, but not excluding other agents; etc. 

For medical purposes: Restoration of deficiencies whether 
genetic* or acquired, such as, but not limited to, hormonal deficiencies 
(for example, deficiencies in growth hormone and insulin), metabolic 
deficiencies (for example, deficiency in metabolic enzymes), 
hematological deficiencies (for example, deficiencies in clotting factors), 
immunological deficiencies (for example, adenosine deaminase (ADA) 
deficiency), etc.; immunotherapy (including vaccination requiring long 
term antigenic stimulation, and over production of cytokines); anti- 
microbial therapy (including the anti-viral action of interferon, and 
microbe-binding soluble receptors for eliminating disease agents such as 
HIV); anti-cancer therapy; treatment of drug addiction; treatment of a 
variety of poisoning conditions; amelioration of geriatric conditions; etc. 
Since S. mansoni is a parasite of man this embodiment of the present 
invention is suitable for immediate clinical practice. 

The procedure proposed in accordance with the teachings of the 
present invention for prospective uses in animal sciences, should enable 
obtaining phenotypic features of the target animals, which otherwise 
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could be achieved only by the complex, time consuming and much more 
expensive breeding or genetic engineering/transgenesis for each single 
property in each host strain. 

It should make treatment of humans with in vivo transgenes, 
universally compatible and therefore much more readily available and 
inexpensive. 

In addition, the procedure disclosed avoids genotypic alteration of 
patients, thus avoiding the accompanying risks of mutagenesis and 
malignant transformation. 



Additional objects, advantages, and novel features of the present 
invention will become apparent to one ordinarily skilled in the art upon 
examination of the following examples, which are not intended to be 
limiting. Additionally, each of the various embodiments and aspects of the 
15 present invention as delineated hereinabove and as claimed in the claims 
section below finds experimental support in the following examples. 



EXAMPLES 

Reference is now made to the following examples, which together 
20 with the above descriptions, illustrate the invention in a non limiting 
fashion. 



EXAMPLE 1 
Theoretical and Experimental Considerations 

25 This preliminary part of the work involved assembly of data into 

an integrated theoretical concept for preparing transgenic schistosomes 
intended for in vivo delivery of desired gene products in their host's 
circulation. This part of the work led to the formulation of relevant 
working hypotheses, and to relevant experimental designs. In the core of 

30 this integrated concept are the putative advantages of schistosomes for 
the proposed purposes, as follows: 

Introduction of foreign genes into schistosomes should be very 
easy, and much safer than direct gene transfer to humans: 
Schistosomes are separate genetic entities within their host. Thus making 

35 them transgenic for expressing desired genes within the host, should be 
much safer than introducing foreign genes directly into the host's 
genome, a manipulation which may result in malignant transformation or 
insertional mutations harmful to the host^. Gene transfer into worms has 
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so far been successful only in the free living non-parasitic nematode 
Caenorhabditis elegans^. The success in this case is due to the simple 
and rapid (a few days) life cycle of this organism. Thus, injection of 
recombinant expression vectors into the oocytes within the ovarium 
5 resulted in a proportion of transgenic larvae which developed into fast- 
multiplying transgenic adults. This approach is less likely to succeed in 
schistosomes because the in-vitro culture of adults with subsequent egg 
laying and maturation of an infective miracidium of this obligate endo- 
parasite is complex 10, and the life cycle of schistosomes is long 

10 (requiring about 3 months to be completed in the snail and vertebrate 
hosts). Since vigorous asexual (clonal) multiplication of schistosome 
larvae occurs within the snail^ ? it would be best to achieve a high 
proportion of transgenesis of parasites just before they start to multiply 
within the snail so that transgenic organisms will be amplified during 

15 intramolluscan multiplication (see below). Miracidia, schistosome larvae 
which infect snails by active penetration, can therefore be considered the 
prime target for transgenesis. The miracidium is a ciliated multicellular 
organism with 4 epidermal plates arranged in 4 tiers and covered with 
cilia and apical musculature and glandular structure suitable for 

20 penetrating the snail host. Most of the posterior 1/3 part of the organism 
is filled by a cluster of germinal cells which are interconnected and are 
also connected to the surface of the organism 1 1. Germinal cells undergo 
multiplication shortly after the miracidium penetrates into the snail and 
transforms into a mother sporocyst^J 1 ? which is the start of asexual 

25 multiplication to form daughter sporocysts and subsequently 
cercariae^l 1 . In addition, miracidia are highly acidophilic* 1 and are 
located in highly perforated ova 12 capable of allowing passage of 
macromolecules^. These features combined (in particular the 
connection between germ cells among themselves and with the surface of 

30 the organism, as well as their acidophilicityl 1), seem theoretically 
favorable for introducing DNA into miracidia. Hitting miracidia with a 
wide scatter of DNA is a likely approach for successful introduction of 
DNA into their germ cells. Targeting miracidia while they are within 
eggs seems a more reasonable approach since the highly motile free 

35 miracidia in water may escape an effective hit or may be relatively more 
vulnerable. However this limitation does not apply when the method of 
transformation involves maintaining a high concentration of DNA 
intended for introduction around the miracidia. Introduction of the 
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foreign DNA may be achieved by electroporation^, or by biolystics* 5. 
Chemical transformation^ by (Ca)2(P04)3, CaCl2 or the like can also 
be considered if miracidia will not be adversely affected by these 
chemicals, and lipofection^ (by using micelles or liposomes containing 
DNA) may also be suitable. As is further detailed below, it was chosen 
to transform schistosome miracidia within their eggs or after release from 
the eggs (free swimming) by electroporation, and to use the putative 
transgenic miracidia for infecting snails, and then to establish that 
transgenic cercariae and subsequently transgenic adult worms expressing 
products of the transgene, can be recovered. 

Schistosome developmental stage suitable for transformation: 
The maintenance of schistosome cultures in the laboratory is a common 
practice (see experimental section below) and a variety of life cycle 
stages can be harvested. Foreign genes are introduced into the 
schistosome germ cells, which are responsible for larval development and 
multiplication. Germ cells are present in miracidia, sporocyst, cercariae, 
and young worm (schistosomula) and in sexual organs of adult worms. 
When transformation into germ cells takes place before clonal 
multiplication within the snail host, any one transfected larva serves as a 
source for numerous transgenic cercariae, each of which can develop to a 
transgenic adult worm. Miracidia, schistosome larvae, which are 
released from fully developed eggs and infect snails by active 
penetration, are the main proposed target for transgenesis. The reason for 
this choice is explained below. Miracidia are taken for transformation 
when still within eggs or, alternatively, after they are released from the 
eggs by hatching under hypotonic conditions. The selection of miracidia 
for transformation is based both on their position in the life cycle prior to 
clonal multiplication, as well as on their anatomy which favors 
introduction of foreign genes into germ cell as explained below. Large 
numbers of miracidia can transform in vitro to large number of primary 
sporocysts which are also candidates for transformation as is further 
detailed below. 

The miracidium is a ciliated multicellular organism with four 
epidermal plates arranged in four tiers and covered with cilia and apical 
musculature and glandular structure suitable for penetrating the snail 
host. Most of the posterior third portion of the organism is filled with a 
cluster of germinal cells, which are interconnected and are also connected 
to the surface of the organism! 1. Germ cells undergo multiplication 
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shortly after the miracidium penetrates into the snail and transforms into 
a primary (mother) sporocyst (Pan CT. Studies on host-parasite 
relationship between Schistosoma mansoni and the snail Australorbis 
glabratus. Am. J. Trop. Med. Hyg. 14:931-976, 1965), which is the 
5 starter of asexual multiplication to form daughter sporocysts and 
subsequently cercariae which infect the vertebrate host and develop into 
adult worms. In addition, miracidia are highly acidophilic (Pan CT. 
Studies on host-parasite relationship between Schistosoma mansoni and 
the snail Australorbis glabratus. Am. J. Trop. Med. Hyg. 14:931-976, 

10 1965) and are located in highly perforated ova (Stenger RJ, Warren KS, 
& Johnson EA. An ultra structural study of hepatic granulomas and 
schistosome eggshells in murine hepatosplenic schistosomiasis mansoni. 
Exp. Mol. Pathol. 7: 116-132, 1967) capable of allowing passage of 
macromolecules (Hangh LM et al. The Schistosoma mansoni egg 

15 granuloma: Antigenic secretions and the etiology of egg granulomas in 
mice. Exp. Parasitol. 35: 288-298, 1974). These features combined, and 
in particular the connection between germ cells among themselves and 
with the surface of the organism, as well as their acidophilicity, are 
favorable for introducing nucleic acids into miracidia. Mature eggs 

20 containing fully developed miracidia are suitable for transformation 
because of the anatomy of the fully developed miracidium within them as 
described above. Schistosome lay immature eggs, which undergo 
development to fully embrionated eggs within a few days after they have 
been laid (Pellegrino J & Faria J. The organ method for the screening of 

25 drugs in schistosomiasis mansoni. Am J Trop Med Hyg 14:363-9, 1965). 
Therefore, collection of mature schistosome ova for transformation needs 
to be done from tissues of an infected animal where eggs become 
trapped, such as the intestines and livers of infected mice. A large 
proportion of such eggs is fully embrionated (Hamburger et aL 

30 Schistosoma mansoni soluble egg antigens: determination of the stage 
and species specificity of their serologic reactivity by radioimmunoassay. 
J Immunol 117:1561-6, 1976). Collecting large amounts of eggs is 
essential for group transformation. Naked miracidia with their 
cytoplasmatic cover and cluster of germinal cells which are 

35 interconnected and are also connected to the surface of the organism H 
are also suitable targets for group transformation, because of the 
accessibility of foreign DNA to the germ cells. They can be obtained in 
large numbers by hatching of eggs collected from tissues of infected 
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animals. A successful transformation of the eggs or of miracidia depends 
on application of a suitable transformation method. Primary sporocysts 
are also proposed for group transformation. They can be obtained in large 
number for this purpose by //; vitro transformation of miracidia (Lodes 
MJ & Yoshino T. Characterization of excretory-secretory proteins 
synthesized in vitro by Schistosoma mansoni primary sporocysts. J 
Parasitol 75:853-62, 1989). Transformation of sporocysts is proposed by 
methods different from those proposed for miracidia (see below). 

Conditions for effective transformation of schistosomes: Hitting 
miracidia mature eggs and miracidia, and also primary sporocysts, in 
group with a wide scatter of DNA is shown herein to be the sole 
approach for successful introduction of foreign DNA into their germ 
cells. A confluent distribution of DNA molecules is proposed as a 
preferred choice in order to ensure entrance of the DNA through the 
micropores of embrionated eggs, and into the extensions of genu cells 
which reach the surface of the miracidium (see above). This approach 
enables the simultaneous production of numerous transformed miracidia 
at once. Each of these is a source of production of a large number of 
larvae by asexual multiplication within the snail, and each of the 
transgenic progeny of cercariae has the capacity of developing into an 
adult worm within the definitive host (humans or animals). These 
quantitative aspects are essential for preparing large numbers of 
transgenic cercariae for the practical purposes described. In the case of 
primary sporocysts transgenesis can be effected, again by group 
transformation, using particle bombardment as described below. The 
transformation approach presented herein increases the chances of a 
successful transgenesis of schistosomes, and therefore a higher chance 
that sufficient numbers will withstand the damages caused by the 
transformation procedure and subsequent developmental restrictions. 

Microinjection for introducing foreign DNA into schistosome 
eggs is not only not attractive, it also fails to yield transformants. The in- 
vitro culture of adults with subsequent in vitro egg laying and maturation 
of an infective miracidium of this obligate endo-parasite is complex (El 
Ridi, R. et al., Schistosoma mansoni oviposition in vitro reflects worm 
fecundity in vivo: Individual parasite age- and host-dependent variations. 
Int. J. Parasitol. 27:381-387, 1997). Second, injection of individual eggs 
with foreign DNA is quantitatively inefficient. Thus, high numbers 
transformants is required considering the long and multistage life cycle of 
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schistosomes, which stands ample possibilities of losing foreign genetic 
material at any one stage. Third, injection of mature eggs is likely to 
damage the miracidium because it is short lived anyway and is dependent 
for its viability on preservation of motility and active penetration capacity 
5 into its snail host. In any case, attempts to prepare transgenic 
schistosomes by injection of genetic material to schistosome eggs have so 
far failed. 

The electroporation technique (Wong TK & Neuman E. Electric 
field mediated gene transfer. Biochem. Biophys. Res. Comm. 107: 584- 

10 587, 1982) specifically adapted for the purposes of the present invention 
is described herein as an example demonstrating the feasibility of group 
transformation. Any other procedure which involves immersion of 
schistosome eggs or miracidia in a medium containing DNA of a suitable 
construct for group transformation can be applied. In particular, chemical 

15 transformation (Cheng C, & Okayama H. 1987. High efficiency 
transformation of mammalian cells by plasmid DNA. Mol. Cell. Biol. 
7:2745-2752, 1987) by (Ca)2(PC>4)3, or by CaCl2 as well as lipofection 
(Feigner PL et al Lipofection: A highly efficient, lipid-mediated 
DNA/transfection procedure. Proc. Natl. Acad. Sci. U.S.A. 84:7413- 

20 7417, 1987). The electroporation method for transforming schistosome 
miracidia (within their eggs or after hatching) is considered the simplest 
and presently most available for practicing the present invention, and it 
therefore served experimentally to reduce the present invention to 
practice. These group transformation methods are used for introducing 

25 foreign DNA into cells and are less likely to operate as effectively while 
attempting at introducing the DNA into deeper tissues. It should 
therefore be emphasized that the connection of germ cells with the 
surface of miracidia, as well as the presence of micropores in the 
schistosome egg make the use of these group transformation methods 

30 highly suitable in the case of schistosome miracidia. Thus, while 
reducing the present invention to practice, as is further exemplified 
hereinunder, electroporation was used for stable transformation of 
schistosomes. 



35 possible but less efficient as is compared to electroporation, chemical 
transfection and lipofection because the latter three methods, and in 
particular, electroporation, involve milder driving forces and confluence 
of high concentrations of DNA around the target. Particle bombardment, 



Particle bombardment of eggs and miracidia is considered 
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on the other hand, delivers DNA attached to relatively large particles. 
Thus, for example 1.6 mm gold micro-carriers were recently used for 
delivering nucleic acids into adult schistosomes for transient expression 
thereof (Davis RE et aL Transient expression of DNA and RNA in 
5 parasitic helminths by using particle bombardment. Proc Natl Acad Sci, 
USA 96:8687-92, 1999). Particles of this size cannot pass through the 
micro-pores in the schistosome eggshell and are therefore likely to 
require more drastic bombardment energies in order to penetrate the hard 
shell and enter the miracidiurn within the egg. A multitude of particle 

10 passing the miracidial ciliated epithelium are likely to reduce the mobility 
of the miracidiurn and therefore its ability to penetrate the snail for 
survival. Also, such particles covered with the DNA do not offer a 
confluent distribution of DNA molecules in order to enable efficient 
targeting to germ cells. It is therefore propose herein to employ particle 

15 bombardment primarily for transfection of primary sporocysts with the 
added possibility of transforming miracidia (free or within eggs). 
Primary sporocysts can be obtained in large numbers from miracidia and 
maintained in vitro by available methods (Lodes MJ & Yoshino T. 
Characterization of excretory-secretory proteins synthesized in vitro by 

20 Schistosoma mansoni primary sporocysts. J Parasitol 75:853-62, 1989). 
They are devoid of vigorous movement and of the capacity to penetrate 
into snails. Therefore, following particle bombardment, sporocysts can 
be implanted into snails (Jourdane J & Therone A. Schistosoma mansoni: 
Cloning by microsurgical transplantation of sporocysts. Exp Parasitol 

25 50:349-57, 1980). The use of electroporation, chemical transfection or 
lipofection is considered less suitable for transforming sporocysts 
because their body cover (tegument) changes during transformation from 
the miracidiurn stage (Hockley DJ. Ultrastructure of the tegument of 
schistosoma. Adv Parasitol 11:233-305, 1973) and presence of external 

30 connections to the internally located germ cells have not been 
demonstrated. 

There is a choice of genomic locations suitable for introducing 
foreign genes into schistosomes: Schistosomes have a diploid genome 
with 16 chromosomes (2n=16)^. The control of gene expression in 
35 schistosomes has not been sufficiently defined and a system for 
introducing foreign DNA into the parasite has not yet been developed. 
For expression and secretion of desired gene products in schistosomes it 
is important that control elements responsible for high degree of 
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expression and secretion will operate in the environment of the 
schistosomal cell. Many of the control elements generally employed are 
species specific for the target organism of transformation, so that 
elements working properly in a mammalian system may not be suitable 
5 for lower organisms like schistosomes. Many expression vectors utilize 
promoter and other control elements derived from viral genomes. For 
instance, LTRs from the promoter of retroviruses or SV40 can, when 
active, enable high levels of gene expression These may indeed be 
suitable for gene transfer in schistosomes too. A more specific approach 

10 is to combine the foreign gene with control elements of the target 
organism (schistosomes in our case) and introduce the construct into the 
selected location in the target genome by homologous 
recombination20,2 1 Thus, the expression of the foreign gene which was 
integrated into the target genome will be under the control of the target 

15 gene into which it was integrated. Expression will therefore be stable 
and the newly introduced gene will be replicated stably with the recipient 
genome. Several schistosomal genes have been cloned and 
characterized, and all the genes which express a protein which is 
secreted, such as Glutathion-S-transferase 22 > 23 g m 31/3224 anc j 

20 others25,26, 27 ^ seem suitable for the purpose of the present invention. 
With more information accumulating on schistosomal genes, more 
candidates for integrating foreign genes into the schistosomal genome are 
likely to emerge. An alternative site for introducing foreign genes into 
schistosomes is an abundant repeated sequence of 121 bp units tandemly 

25 arranged which was found in the genome of S. mansoni^. When 
introducing foreign genes into schistosomes the selection of transgenic 
organisms by selective markers seems less suitable than by reporter genes 
because selection may be hampered by the slow life cycle and the 
multicellular nature of the organism. Suitable reporter genes may 

30 actually enable identification of transgenic sporocysts in a dissected snail 
for transfer into naive snail for propagation and maintenance 2 ^ ( see 
below). Various reporter genes like the genes for chloramphenicol acetyl 
transferase (C47) 30 , p galactosidase (/3-Ga/) 31 , luciferase (/i/c) 32 , 0 r 
green fluorescent protein of jellyfish (GFP) 33 > 3 4 The latter, although 

35 less sensitive than luc by 3 orders of magnitude, has recently been widely 
used in transgenesis because its expression in a transgenic animal 
indicates that expression is efficient far beyond the detection limit of the 
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expression products. GFP was hence selected as a reporter gene in this 
work. 

Sex selection: Schistosome males are preferably selected as 
carriers of transgenes for in vivo delivery of desired gene products. 
5 Males are larger than females, they have a larger tegumental area and 
their tegument is directly exposed to the exterior environment for release 
of tegumental sloughing or secretion products containing transgene 
products. The females on the other hand are slender, they have a smaller 
tegumental area and they are encircled in permanent copulation within a 

10 canal (gynecophoric canal) within the males. Furthermore, the female of 
schistosomes requires continuous contact within the gynecophoric canal 
of the male in order to complete its growth and maintain sexual maturity 
(Clough ER. Morphology and reproductive organs and oogenesis in 
bisexual and unisexual transplants of mature Schistosoma mansoni 

15 females. J Parasitol 67:535-9, 1981). The contact with the male involves 
passage of nutrients and developmental stimuli from male to female (see, 
e.g., Atkinson KH & Atkinson BG. Biochemical basis for the continuous 
copulation of female Schistosoma mansoni. Nature 283:478-479, 1980). 
While female schistosomes naturally produce and secrete gene products 

20 associated with egg production (such as Mehlis Glands and vitelline 
glands) these cannot be utilized because a sexually functional female is 
required for producing these gene products (Johnson KS et al., Possible 
eggshell protein gene from Schistosoma mansoni. Mol Biochem Parasitol 
22:89-100). Also, artificial abrogation of egg laying in a bisexual 

25 infection involving transgenic females is likely to simultaneously 
interfere with the expression of transgenes associated with female 
reproductive gene products, such as the egg shell protein genes. The 
control of female specific gene expression is not sufficiently understood 
at this stage to enable capitalizing on these systems for expressing 

30 transgenes. 

Schistosomes multiply clonally in their intermediate host, and 
this is expected to greatly facilitate expansion and "farming" of desired 
transgenic clones: Schistosomes multiply clonally in freshwater snails 
in a way that presents an important advantage for propagation of 
35 transgenic larvae. As already mentioned the miracidium transforms at 
the penetration site into a mother sporocyte within which germ balls are 
formed which develop into daughter sporocytes. Daughter sporocysts 
then emerge and migrate to the snails digestive gland, the 
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hepatopancreas, and germ-balls within them continuously develop into 
thousands of cercariae (the stages infective to man or other hosts) which 
continue to be shed from the snail throughout his life, generally for many 
weeks8,U. Since all subsequent larvae developing from a single 
miracidium are a clone, starting snail infection by exposing it to a single 
miracidium will result in a unisexual infection. As will be subsequently 
explained (see below), a unisexual infection is required to prevent the 
major, egg related pathology. Snails shedding cercariae of the desired 
sex can be selected by examining cercariae by the polymerase chain 
reaction (PCR) with sex specific primers*^. Furthermore, long term 
maintenance of desired clones can be done by serial transfer of 
sporocysts (within each sporocyst a clone of cercariae is continuously 
produced) from snail to snail by implantation 2 ^ thus potentially enabling 
maintenance of "a farm" of transgenic clones. Each clone in such a 
"farm" will release transgenic cercariae carrying a certain transgene, and 
each can be expanded as desired by implantation into additional naive 
snails. 

The anatomical location of schistosomes, their size, and 
excretion of products by them are expected to be of advantage for 
employing them as a transgenic platform for expressing and delivering 
desired genes in vivo: Schistosomes reside in the mesenteric-portal veins 
or in the vesical plexus (depending on the species). They are capable of 
secreting macromolecules^6 which should be accessible into the blood, 
with subsequent systemic distribution. With regard to their residence in 
veins they are unique among parasitic worms, although access of 
materials secreted by parasitic worms to the hosts 1 vasculature also 
occurs among nematodes causing lymphatic filariasis which reside in the 
lymphatics^?. Adult schistosomes may occasionally be found in ectopic 
locations^ and may be theoretically transplanted in blood vessels of 
additional organs where the substances they secrete may be required for 
therapy. In adult schistosomes ongoing turnover of the outer membrane 
regularly releases membrane constituents into the blood stream^. Other 
constituents are secreted as has been described above22-27 These 
findings which demonstrate that schistosomes can release gene products 
into the circulation are strengthened by actual demonstration of 
circulating schistosomal constituents in the circulation of the host 2 4 t 
Schistosomes are about 1 cm long, but the biomass of the male is several 
times larger than that of the slender female, and its maturation is 
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independent of the presence of the female. By contrast, the slender 
female requires continuous contact with the male in order to complete its 
growth and maintain sexual maturity. The female is permanently earned 



5 passage of nutrients and developmental stimuli from male to 
female40'41 5 42. These differential features make the schistosome male a 
preferred candidate for in vivo production of desired gene products. 

The pathogenicity of schistosomes can be ready abrogated as 
required for their use as universal transplants: In vertebrates 

10 schistosome pathogenicity depends mainly on their capacity to lay eggs, 
a proportion of which do not succeed to be passed out with excreta, but 
become trapped in the host's tissues (of the intestines and liver or of the 
bladder-depending on the schistosome species). Antigens secreted from 
the trapped eggs induce a vigorous immune granulomatous response and 

15 subsequent fibrosis^. These T-dependent immune responses^ i eac j to 
the structural and hemodynamic changes typical of the disease 
(schistosomiasis or Bilharzia)^. At conditions where eggs are not 
produced, like in the case of unisexual infection, even large number of 
worms do not cause the typical granulomatous disease, as was found in 

20 mice, the common model of egg-induced pathology in experimental 
schistosomiasis mansoni45,46 > j n schistosomes, where eggs cause most 
of the pathology, unisexual, "eggless", infection can be achieved very 
easily since all the cercariae shed by a snail which was infected by a 
single miracidium are unisexual^ an d sterilization for preventing egg 

25 laying is unnecessary. The early stage of infection by S, mansoni in 
humans has been known to cause an acute disease^. Whether or not eggs 
are an important factors in causing acute disease in humans, as is the case 
in murine schistosomiasis mansoni^G an( j in S. mansoni-infected 
baboons^?, will be discussed. Eggs deposited in the intestines and the 

30 liver of animals and humans, infected with S. mansoni induce pathology 
in the intestines and in the liver. In chronic hepatosplenic 
schistosomiasis mansoni porto-systemic anastomoses may develop due to 
portal hypertension which develops as a result of the cumulative egg- 
related hepatic pathology. In such cases eggs and occasionally worms 

35 can be found in the lungs and to a lesser extent a variety of ectopic 
anatomic locations. The pathology in most such cases is caused by the 
eggs** but even ectopic adult schistosomes were not surrounded by 
inflammatory cells^ except perhaps rarely when they die in the 



by the male in a special "gynecophoric" canal and studies have shown the 
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lungs^S. The pathologic effects of dying worm are probably minimal as 
evident from the fact that although killing of adult S. mansoni worms by 
treatment with schistosomicidal drugs has been accomplished in millions 
of people (many with a high worm burden), symptoms associated with 
dying worms have generally not been recorded. Only in a few cases 
worm death was associated with acute disease^. 

Schistosomes have a long life span suitable for a prolonged 
expression of transgenic gene products in vivo: S. mansoni can live for 
decades as it was found in Yemeni immigrants to Israeli Their 
prolonged survival in the definitive host points to the existence of 
mechanisms of immune evasion^O. Even when an immune response 
develops against these parasites it will affect the young worms 
(schistosomula) at various stages after penetration and migration within 
the definitive host, and even then, mechanisms of immune attrition can 
affect only a fraction of the re-infecting larvae^O. In man, immunity 
against schistosomes can be detected during puberty after a prolonged 
infection^, 52 ? although partial age-dependent resistance may also 
exists52,53 Various humoral factors have been demonstrated to 
participate in human immunity to schistosomes^ while the role of 
cellular mechanisms is as yet unclear. Also, various antigens have been 
proposed as protective antigens and are being studied as candidate 
antigens for vaccination^. The role of the eggs on the development of 
immunity and resistance against S. mansoni (the most studied 
schistosome species) is well documented in animal models56 ? 57 ? 
therefore infection by unisexual transgenic schistosomes will most likely 
not only avoid the major pathological feature of schistosomiasis as 
described above, but may also decrease attrition of the parasites and thus 
enable even longer survival than recorded for natural infection of man^2 t 
Schistosomes can therefore be considered as well adapted, long living 
universal transplants in their specific hosts, and transgenic schistosomes 
can be expected too to survive for a long time in their host. 

Schistosomes do not multiply in their vertebrate host and they 
can be easily introduced into their hosts or removed from it, to enable 
control of the worm burden and hence of the quantity of transgene 
products: Cercariae of schistosomes penetrate actively through the skin 
of target host when it becomes exposed to waterbome cercariae by 
dipping8>l 1. Cercariae can alternatively be injected into the skin directly 
or following artificial transformation to schistosomula, which can even 
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be cryopreserved for long term storage^. Following penetration 
cercariae transform rapidly into schistosomula which migrate via the 
blood stream to the lungs and then to the liver where they mature, and 
subsequently migrate to their target location. Since the sex of the 
5 cercaria can be easily determined by the polymerase chain reaction 
(PCR)59 the identification and selection of unisexual males, the 
transgenic transplant of choice, can be readily done. It was already 
mentioned that the worm burden can be determined by the size of the 
infective dose, and that replenishing is possible until a desired therapeutic 

10 effect is achieved. In addition, removal of schistosomes is possible by a 
number of new and effective drugs (notably praziquantel) which are 
being widely used for individual and community-based chemotherapy. 
Prazyquantel is very effective by a single oral dose (sometimes divided) 
and yields a high percentage of cure^O. This should potentially enable 

15 removal of transgenic worms from treated individuals at any desired 
time. The monitoring of schistosome worm burden is possibly by 
examining circulating antigens in their hostel. This should make 
possible control of schistosome worm burden. 

Prevention of environmental dissemination of transgenic 

20 schistosomes can be expected to be straightforward: The capacity of 
schistosomes to be transmitted in nature depends on presence of specific 
infected snails shedding cercariae in sites where definitive hosts (humans 
or animals) contact the water. Egg-bearing excreta are the source of snail 
infection and therefore introducing unisexual transgenic cercariae into 

25 target hosts is not expected to result in environmental contamination with 
eggs. 

In addition to schistosome species infecting man there are those 
which infect farm animals, thus the new technology should be suitable 
for animal experimentation for basic science purposes as well as for 

30 veterinary/animal husbandry purposes: The hosts of various 
schistosome species occurring in Africa are well known62 t Among them 
S. mansoni and S. haematobium are essentially human parasites, but 
other species of African schistosomes can infect cattle, sheep, goat, and 
other ruminants of economic importance. In addition, S. japonicum 

35 which infects people in the Far East also infects 31 species of wild 
mammals and 13 species of domestic animals including dog, pig, cow, 
water buffalo and goat^. All species of schistosomes can be used for the 
proposed technology. GST genes of schistosomes other than S. 
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mansonfo^ have been identified^ 4 , and may be used as optional sites for 
inserting desired genes. Also, highly repeated sequences similar to the 
one described to S. mansonfi& are also present in the genome of other 
schistosome species including Schistosoma haematobium (see SEQ ID 
NO: 9, disclosing a Dral repeat sequence in the genome of Schistosoma 
haematobium, estimated to present in 50,000 copies per genome), and are 
potential sites of gene insertion. The new technology presented here for 
in vivo expression of desired gene product by the parasite, can expand the 
use of the mouse, and of other laboratory animals compatible for 
schistosome infection, for a variety of basic and applicable research 
purposes. 



EXAMPLE 2 
Materials and Methods 

15 Parasite strain, maintenance of its life cycle and harvesting of 

parasites: Schistosoma mansoni, an Egyptian strain, was originally 
obtained from Wellcome Laboratories 35 years ago and its life cycle 
maintained by standard methods in outbred albino mice and in its snail 
host Biomphalaria glabrata. Briefly, livers were collected from infected 

20 mice about 9 weeks after subcutaneous injection with 350 cercariae. 
Numerous ova surrounded by granulomata were embedded in the liver 
tissue. The livers were homogenized and the eggs washed several times 
in 1.7 % NaCl solution (to avoid miracidial hatching under inadvertent 
hypotonic conditions). Distilled water was added to the final egg 

25 sediment and hatching of miracidia was enabled for 30 minutes. 
Miracidia were collected from the egg suspension in a dark room and 
under a narrow beam of light (which attracts these phototrophic larvae). 
Snails were exposed in separate small containers to 5-10 miracidia each 
for 16 hours under fluorescent light source. At least 24 snails were 

30 infected as a batch. Six or more weeks later, after completion of asexual 
multiplication of larvae within the snails, cercariae were shed from the 
snails under light in a beaker containing dechlorinated water, and 7 week 
old female mice were injected subcutaneoulsy with 350 cercariae. S. 
mansoni clean eggs for electroporation were harvested as previously 

35 described65,66 from intestines of mice infected 9 weeks previously with 
wild type (WT) schistosomes. Adult worms were isolated from the mice 
6-10 weeks later by liver perfusion^ 
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Selection of electroporation conditions: Clean schistosome eggs 
were sedimented by centrifugation (1000 rpm/3 min) and washed once in 
10 ml of cold RPMI1640 medium supplemented with geneticin and with 
15 % fetal calf serum. Finally the eggs were resuspended in RPMI, and 
5 a 0.2 ml egg suspension (containing 2.5x1 0^ or 5x1 0^ eggs) transferred 
to an electroporation cuvette (0.4 cm wide) and exposed to various 
electroporation conditions as follows in a Gene Pulser (Bio-Rad) with 
exponential discharge: 500 V, 750 V, 100 V and 1500 V from a 25 jllF 
capacitor; 1500 V and 2000 V from a 0.25 ^lF capacitor; 250 V and 450 

10 V from a 125 capacitor and from a 500 \x¥ capacitor. Electroporated 
eggs were left at room temperature for 20 minutes then 0.8 ml double 
distilled water was added for hypotonicity and the quvettes left for 0.5 
hours under light, for enabling hatching of miracidia. Snails were 
exposed individually to 5-10 miracidia/snail for 16 hours under light. 

15 Hatching, and viability (motility) were subsequently determined in search 
of electroporation conditions that will yield about 50 % viability of 
miracidia. For determining hatching rate, the content of each cuvette was 
transferred to a well of a 24 well culture plate, lugol was added for killing 
the miracidia and for staining, and about 100 ova and miracidia in the 

20 same area were screened. The number of free miracidia and of empty 
ova (eggshells) were determined and the average between them provided 
the hatching rate (% hatching). For determining viability by motility, the 
contents of each cuvette was centrifuged at 1000 rpm for 2 minutes to 
sediment eggs and dead miracidia and motile miracidia in the supernatant 

25 were collected, immobilized and stained with lugol, and counted. 
Control counts were carried out with eggs kept under similar conditions 
but without pulsing. 

Based on the results obtained from preliminary experiments (see 
Results below) the following conditions were employed in the present 

30 work: Eggs (0.2 ml suspension containing 2.5x10^ or 5x10^ eggs) were 
mixed with plasmid DNA (5-10 mg/SxlO^ eggs) then transferred to an 
electroporation cuvette (0.4 cm wide) and exposed to the selected 
electroporation conditions. These were exponential discharge of 500 V 
(1250 V/cm) from a 25 \xF capacitor. Electroporated eggs were left at 

35 room temperature for 20 minutes then 0.8 ml double distilled water was 
added for hypotonicity and the quvettes left for 0.5 hours under light, for 
enabling hatching of miracidia. 
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In other experiments free swimming miracidia were prepared by 
inducing eggs to hatch under similar conditions and transformation was 
earned out by electroporation under the same gene pulsing conditions 
described above for miracidia within the eggs. Two techniques were 

5 developed for this purpose, as follows, 

Miracidia from schistosome eggs in liver of mice: Livers from 
mice infected 8 weeks previously were homogenized and washed as 
described above for maintenance of schistosome life cycle. Ova were left 
in deionized water for hatching in a dark room and cercariae attracted to 

10 a beam of light were collected. About 6 ml of suspended miracidia were 
collected in a conical centrifuge tube. One ml of diluted (1/5) normal 
saline was added and miracidia (n=80- 160/400 |^1) were distributed to 
electroporation cuvettes (0.4 cm wide). Construct DNA (5-10 j.ig/80-160 
miracidia) was added to each cuvette separately just prior to 

15 electroporation under the selected electroporation conditions. These were 
exponential discharge of 500 V (1250V/cm) from a 25 \\F capacitor. 
Under these conditions the discharge velocity was 5-6 milliseconds (ms). 

Miracidia from eggs in intestines of infected mice. Harvesting of 
eggs from intestines yielded many more eggs (ca. 500,000/10 mice) than 

20 from livers. Following harvesting of eggs and washing with RPMI as 
described above, 7 ml of phosphate buffered saline diluted 1/6 was 
added. The egg were then distributed in a small Petri dish (3 cm 
diameter), and placed under light for hatching for 45 minutes. Miracidia 
(80-120/400 pil) were placed in a cuvette and electroporated as described 

25 above. 

Following the development of the parasites after gene pulsing: 
Snails were exposed individually to 5-10 miracidia/snail for 16 hours 
under light. Cercariae were shed beginning from 6 weeks later as 
described above (see section on maintenance of life cycle). Development 

30 of cercariae was followed by periodic (weekly to triweekly) 
determination of numbers cercariae shed from snails. In initial 
experiments only approximation was employed by grading cercarial 
shedding from "a few cercariae" (+) through "very strong shedding" 
(++++). These grades were given numerical values as follows: 10 (+), 

35 100 (++), 500 (+++) and 1500 (++++). In subsequent experiments 
numbers of cercariae/snail were determined. Cercariae harvested from 
snails infected with transformed miracidia underwent analysis confocal 
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microscopy (see below) or were employed to infect mice, which in turn 
were a source of adult worms, collected 7-10 weeks later by perfusion^. 

Isolation of cercarial genomic DNA: Cercariae were shed from 
infected snails infected by wild type (WT) or electroporated miracidia 
5 from the sixth week after exposure to miracidia. Genomic DNA was 
isolated from cercaria by lysing cells in 0.1 % Triton x 100 + TEN (10 
mM Tris-HCl pH 8.0, 10 mM EDTA and 10 mM NaCl). The lysate was 
treated with RNase A (0.1 mg/ml) in 37 °C for 30 minutes and then with 
Proteinase K (0.1 mg/ml) in 37 °C for 30 minutes. Residual proteins 
10 were removed from the lysate by phenol extraction followed by phenol- 
chloroform extraction. Genomic DNA was recovered by ethanol 
precipitation. 

Analysis of genomic DNA: Aliquots of Schistosoma mansoni 
cercarial DNA (>1 ng) underwent amplification by the polymerase chain 

15 reaction (PCR) with primers specific for the GFP gene at an internal 
position (see paragraph on primer design and PCR conditions, 
below). Products of the PCR were separated by agarose gel 
electrophoresis and stained with ethidium bromide. 

Plasmids construction: All the plasmids employed were derived 

20 from the commercially available pBluescript plasmids (Stratagene). Into 
the EcoKV restriction enzyme site of these plasmids introduced was a 
1 900 bp long fragment from the 5* end of genomic copy of the GST 
gene 2 3 isolated from genomic DNA of Schistosoma mansoni by PCR 
reaction using specific primers GST-1 and GST-2 (see paragraph on 

25 primers design and PCR conditions, below). Figure 1 provides a 
schematic representation of the GST gene. 

The GFP gene which encodes the green fluorescence protein from 
the medusa Aequorea victoria^ >34 was than inserted into the PstI site 
located in the second exon of the GST gene 23 ("GST-GFP fusion gene"). 

30 The GFP coding sequence that was used, was obtained from plasmid 
pGFP by PCR reaction with specific primers covering most of the entire 
gene (see paragraph on primer design, below). The size of the GFP 
fragment was designed to fit the reading frame of the GST protein in 
exon 2. The resulting construct contains a fusion of the GST-GFP 

35 proteins in the same reading frame. This construct is expected to produce 
the fluorescent protein under the regulation of gene expression of GST 
from Schistosoma. This fusion protein also contains the peptide 
sequences that are targeting this protein to cellular compartments were 
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the native GST protein resides, namely passage through the tegument of 
the parasite. Due to the long homology between the plasmid harboring 
the GFP and the GST genomic sequences, the cassette of GFP-GST can 
be incorporated by homologous recombination and stably expressed as 
5 part of the genome. Alternatively, GFP protein with the GST leader and 
under regulation of the GST promoter sequence may be transiently 
expressed by the vector positioned as an episome. The GFP was also 
introduced inversely for obtaining a control construct in which 
expression is not expected. Figure 2 provides a schematic representation 

10 of the GST-GFP fusion gene. 

In order to achieve better incorporation of the expression vectors 
into the Schistosomal genome the long homology of the GST gene was 
replaced with shorter homology of the sequence SMI -7. This sequence 
is found in the genome in high copy numbers (10 %)28 therefore the 

15 vector may target many sites in the genome. The regulatory sequences 
that were used in this type of vector included the promoter of GST. For 
construction of this vector the major part of the 5 f end of the GST 
sequence was deleted by digestion with Clall and Afllll restriction 
enzymes, as well as all of the 3 ! end of this gene in the GST-GFP fusion 

20 vector, leaving only the promoter region (the first 200 nucleotides of the 
GST gene). Five copies of SMI -7 sequence were introduced into the 
XJiol and Xbal restriction enzyme sites flanking the GST promoter of the 
GFP gene fusion. Figure 3 provides a schematic representation of this 
construct. 

25 Primer design and PCR conditions: Two sets of primers were 

used in plasmids construction, the GST primers were used for 
amplification of the GST gene from the genome of Schistosoma and the 
second set of primers was used to amplify the GFP coding region from 
plasmid pGFP. The computer program OHgo4 was used to select the 

30 optimal and unique primers for both genes. 

Primers to amplify the GST gene were: GST- 1 : 5-CATCGAGA 
ACGGTTTACATGTTCA-3' (SEQ ID NO:3); GST-2: 5'- GCA 
GCCTCCTCACATGCTCCA-3 1 (SEQ ID NO:4) 

The PCR for amplification of the GST gene was performed under 

35 the following conditions: 30 cycles of: denaturation - 94 °C, 60 sec; 
annealing - 55 °C, 60 sec; and elongation - 72 °C, 3 min. 
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Primers to amplify the GFP gene were: uGFP: 5'- 
ATGAGTAAAGGAGAAGAACTTTTC-3' (SEQ ID NO:5); and 1GFP: 
5'- TTTGTATAGTTCATCCATGCC-3' (SEQ ID NO:6). 

A pair of internal primers specific for the GFP gene were 
5 designed for detection of GFP in transfected Cercariae by PCR. These 
were as follows: GFP1: S'-TCTCCCATGATGTATACATTATGT-S 1 
(SEQ ID NO:7); and GFP2: 5'-TCTCCATCGAAGGGTCATCACG-3' 
(SEQ ID NO:8). 

The PCR for amplification of the GFP gene and fragments was 

10 performed under the following conditions: 25 cycles of: denaturation - 94 
°C, 30 sec; annealing - 51 °C. 3 30 sec; and elongation - 72 °C 60 sec. 

Sequencing: The sequences of the constructs developed were 
confirmed by double stranded sequencing carried out automatically by 
the Dye Deoxy Sequencer (Applied Biosystems). The sequencing results 

15 are shown in Figures 4 and 6 (SEQ ID NOs: 1 and 2, respectively). 

Examination of cercariae and adult worms by confocal 
microscopy: Cercariae shed from snails infected with WT miracidia or 
with miracidia that underwent electroporation with recombinant plasmids 
were analyzed directly after they were shed, or following fixation with 3 

20 % paraformaldehyde, treatment with 50 mM NH4CI, and washing with 
PBS. Adult worms were collected from infected mice and examined 
directly or following fixation. Scanning laser confocal microscope (Zeiss 
410) was employed to examine cercariae and adults by laser excitation at 
488 nm, employing an excitation filter FT 510 and an emission filter LT 

25 515. Contrast level used was 310-320. 

Examination of cercariae and adult worms by anti-GFP: This 
examination was to confirm the presence of GFP in the transfected 
parasites. The indirect fluorescent antibody technique (IF AT) was 
employed for this purpose with anti-GFP monoclonal antibody 

30 (Clontech, USA) as a first antibody, and Cy5-labeled goat anti-mouse 
IgG (Chemicon, USA), as a second antibody. Parasites were incubated at 
room temperature for 0.5 hours (cercariae) or one hour (adult worms) 
with 3 % formaldehyde in PBS, then washed once with PBS and 
incubated for 0.5 hours at room temperature in 50 mM NH4CI for 

35 blocking free aldehyde groups, and washed again with PBS. 
Permeabilization was carried out by incubation at room temperature for 
0.5 hours with a solution containing 0.1 % triton X-100 and 1 % BSA in 
PBS, then washing with PBS. Blocking was carried out by incubation for 
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0.5 hours at room temperature in 5 % Goat serum. The first antibody 
(diluted 1:500) was reacted with the parasites at 37 °C for 0.5 hours or 
overnight at 4 °C and following four washes in PBS the second antibody 
(diluted 1 :400) was reacted with the parasites for 0.5 hours at 37 °C. The 
parasites were examined by confocal microscopy after mounting in a 
solution containing 86 % glycerol, 10 % PBS, 0.1 % NaN3, and 3-4 % 
DABCO (1,4 Diaza Bicyclo (2.2.2) Octane. The scanning laser confocal 
microscope (Zeiss 410) was employed with excitation by a Helium-Neon 
Laser at 650 nm, and emission at 680 nm. 



EXAMPLE 3 
Experimental Results 
Sequence of our recombinant plasmids: Figure 4 presents the 
sequence of the vector carrying the GFP-GST fusion coding information 
15 (SEQ ID NO:l). Figure 5 presents the map of this recombinant plasmid. 
Figure 6 presents the sequence of the vector in which the GFP was 
inserted within the SMI -7 repeated sequence (SEQ ID NO:2). Figure 4 
presents the map of this recombinant plasmid 

Electroporation conditions: Percent hatching of miracidia from 
20 ova which underwent electroporation was higher than in control unpulsed 
ova in 6 out of 10 electroporation conditions tested. Percent hatching 
was similar to control in 2 electroporation conditions (25 jJ71500 V and 
0.25 |iF/ 2000V), and lower than control values in 2 other electroporation 
conditions (25 \xVI 500V, and 0.25 |iF/1500 V). The results of one 
25 experiment (out of two) are presented in the Table 1 below. 

TABLE 1 



PULSE: 0 25 mF—- > 0.25 jiF > 125 nF > 500 ^iF > 

500 V 750 V 1 000 V 1 500 V 1 500 V 2000 V 250 V 450 V 250 V 500 V 

% 

HATCH: 20 18.8 28 23.4 20.5 14.4 20.2 29.7 25.4 29.4 26.6 

Percent motility of miracidia hatched from ova which underwent 
electroporation was invariably lower than that obtained with control 
unpulsed ova. The results of one experiment are presented in Table 2 
below. 
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TABLE 2 



PULSE: 0 25 *iF — - > 0.25 ^iF - > 125j.iF > BOO^F > 

5 500 V 750 V 1000 V 1500 V 1500 V 2000 V 250 V 450 V 250 V 500V 

% 

MOTILE: 46 201 § 1 2 45 40 34 23** 12 \ 

* Selected conditions; **Immediate alternative option. 

10 In three subsequent experiments where cercarial viability 

(motility) was measured, the selected electroporation conditions (25 \\ 
F/500 V) were employed for introducing] foreign DNA (5-10 
mg/cuvette). The count of motile miracidia was quarter to half of the 
control. 

15 Rate of cercariae development: Cercariae were shed in a pool of 

snails (at least 10 snails/pool but usually more at the time of shedding). 
Cercarial shedding in normal schistosome/snail combination typically 
starts 4 weeks after exposure to 5-10 miracidia, it usually reaches a 
maximal rate ranging between 1000 and 2800 cercariae/snail, and the 

20 peaks of cercarial shedding is between days 60 and 90 following 
exposure. In two control experiments where electroporation was done 
without the presence of DNA, cercarial shedding reached normal high 
values, but the peak was somewhat delayed (between 80 and 110 days 
following exposure) and remained high until the last measurement taken 

25 (124 days following exposure). In 4 out of 8 transformation experiments 
with the GFP-GST fused construct, cercarial counts were very low with 
"tens" of cercariae/snail or less recovered throughout the monitoring 
period (up to 200 days after the snails were exposed to miracidia). In two 
out of these 8 experiments very strong shedding started only 120 days, or 

30 160 days after exposure to miracidia. In another two out of these 8 
experiment cercarial shedding peaked early (at about 60 days after 
exposure) and reached over 2000 cercariae/snail for 2-3 weeks, then 
declined rapidly. In one of these two later experiments electroporation 
conditions were milder (25 |aF/400V instead of 25 jaF/500 V). In 2 out of 

35 4 experiments in which the GFP-SM1-7 construct was employed for 
transformation, cercarial shedding was with multiple peaks reaching 
several hundred cercariae/snail (range of 500 to 800). In one of these 4 
experiment a single low peak (about 200 cercariae/snail) was exhibited 
at about 100 days post exposure. In one of these 4 experiments altered 

40 electroporation conditions were employed (25 |.iF/400 V instead of 25 \x 
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F/500 V). High infection was obtained from the very early cercarial 
shedding (42 days) and fluctuated between 1200 cercaria/snail and about 
2700 cercariae/snail. Table 3 below summarizes the results of cercarial 
counts. 

TABLE 3 



10 



15 



20 



25 



30 



Miracidia 
used to infect 
snails 



Maximum No. 
cercariae/snail 



Time of 
high cercariae 
no./snail (>1000) 



Duration of 
high 
shedding 



Wild type 


1-2.5 xlO 3 


day 60 to 90 PE a 60 days 


Pulsed W/O DNA 


+ + + + 


day 80-1 30 (estimate) 50 days (estimate) 


Pulsing control 


+ + + + 


day 80-1 30 (estimate) 50 days (estimate) 


"GFP in GST" 






Exp. # 3: 


+ + + + 


day 164 to 193 PE a Min. 26 days 


Exp. # 5: 


+ + + + 


day 123 to 142 PE a Min b . 21 days 


Exp. # 6: 


4- + (one -r -f -r :■ 


Practically irrelevant 


Exp. # 7: 


+ + (one -f -r -r ; 


Practically irrelevant 


Exp. # 8: 


+ + 


Practically irrelevant 


Exp. # 9: 


+ + 


Practically irrelevant 


Exp. # 15: 


2500 


day 47-1 18 PE a Min b . 71 days 

day 49-1 06 PE a Min b . 54 days 


Exp. # 16 c : 


2000 


"GFP in Sm1-7" 






Exp. # 13: 


+ + + (under 1000) 


day 55 to 146 PEa 


Exp. # 14: 


+ + 


Practically irrelevant 


Exp. # 15: 


+ + (a single -r + +) 


Practically irrelevant 


Exp. # 16°: 


2750 


day 43 to 1 06 PEa Min b . 73 days 



Relative values tor cercarial shedding: marginal ( + ), weak ( + +), medium (+ + +), strong(+ + + + ). 
a = Post Exposure; b = Minimum, c = reduced voltage (see text). 



The results on development of cercariae following infection of 
snails by transformed miracidia are presented in Figure 14. Five 

35 transfection experiments are presented. The development of cercariae 
from snails infected by transformed miracidia (exposed to electroporation 
with the GST-GFP construct) is very similar to development of snails 
infected by wild type cercaria without electroporation. 

It can be concluded for practical purposes that although 

40 introducing foreign genes may cause sometimes a reduction in the 
number of shed cercariae or a delay in cercarial shedding this does not 
interfere with the practical usefulness of transgenic cercariae since 
sufficient numbers are obtained for infecting the definitive host. The 
trend with cercariae to which GFP-SM1-7 construct was introduced, was 

45 towards a more efficient shedding. It therefore ensues that ongoing 
monitoring of cercarial shedding is required with several replicate 
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experiments, and a clone exhibiting desired qualities may then be 
selected for propagation by transplantation of sporocysts to normal snails 
and for infecting the vertebrate host. 

Rate of development of adult worms: In two experiments where 
mice were exposed to cercariae from experimental snails to which the 
GST-GFP construct was introduced as made evident by PCR (70-75 
cercariae/mouse for active skin penetration) no adult worms were 
recovered. When wild type cercariae are used for the active penetration 
method, the number of adult worms recovered is about 25 % of the 
number of cercariae to which mice were exposed. In other experiments, 
cercariae were injected subcutaneousiy. When wild type cercariae are 
used for infecting mice by injection, the number of adult worms 
recovered fluctuates between 1 % and 10 % of the number of cercariae 
introduced. The results of these experiments with transgenic cercariae 
were as summarized in table 4 below. 



In subsequent experiments where trans formati on was done on free 
swimming miracidia, cercariae were injected subcutaneousiy into mice 
(400 cercariae/mouse) and adult worms were recovered 6-9 weeks later 
the recovery of adult worms was as follows; 



TABLE 4 



Identity of cercariae injected 
GST-GFP transgenic 
GST-GFP (inverse) transgenic 
Sm-7-GFP transgenic 
Wild Type 



No. of recovered adult worms/mouse 
3,0, 30,3,21 
27, 10,0 

5,20, 18, 17,33,42, 52 
5, 30, 5, 25 



TABLE 5 



Identity of cercariae injected 
worms/mouse 



No. of recovered adults 



GST-GFP transgenic 
Sm-GFP transgenic 



66, 32, 19 
179, 78 



The trend with cercariae transformed with the Sm-GFP construct 
was towards a more efficient development into adults. 



Incorporation of GFP gene into the schistosomal genome: 
Figure 8 presents a representative PCR experiment demonstrating 
amplification of the GFP region by corresponding primers, when PCR 
was carried out with total genomic DNA prepared from cercariae. 
Amplification signals were demonstrated whether the GSP sequence was 
introduced directly (B), or inversely (A) within the schistosomal genome. 
Introduction of the transgenes into the schistosomal genome was thus 
demonstrated. However, simultaneous presence of the recombinant 
vector as an episome was not excluded. Demonstration by PCR of the 
incorporation of the GFP-SM1-7 transgene into the schistosomal genome 
is still required (although expression was clearly demonstrated by 
confocal microscopy as described below). 

In further experiments with cercariae obtained from snails 
infected by miracidia which underwent electroporation as free swimming 
organisms, PCR results were as presented in Figure 15. Positive reactions 
were obtained in several transformation experiments with GST-GFP 
constructs both in direct (expressing) and inverse positions. Positive 
results were also obtained in transformation experiments with the Sm- 
GFP construct. 

Cercariae proven transgenic were used to infect mice and adult 
worms developing from them underwent DNA extraction and PCR for 
detecting insertion of the GFP gene. Figure 16 presents the results of 
several such experiments. Positive amplification signals were obtained in 
experiments where transfection was done with all the constructs used, 
namely GST-GFP in both the direct and inverse position, and also with 
the Sm-GFP construct. This thus completes the demonstration of the 
stable transfection of schistosomes by group transformation methods and 
the maintenance of stable integration throughout the schistosome 
developmental stages from miracidium to adult worms. The adult worms 
which develop in the definitive host are the carrier of the transgene which 
is integrated in their genome and are capable of its expressing (as is 
further shown below). Interestingly, the various genes were found in 
most cases only in adult male worms. Only occasionally transgenic 
females were found (this is demonstrated by confocal microscopy 
below). 

Expression of GFP in transgenic schistosomes: 
a. Cercariae: GFP was expressed by most of the cercariae 
examined (1-10/group depending on availability) in some experiments 
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only part of the cercariae (20-60 %) were positive. Although a statistical 
analysis was not done due to the small number of cercariae examined in 
each experimental group, these results suggest a very efficient 
transgenesis. When more than one rniracidiurn is used for infecting a 
snail a mixture of positive and negative cercariae is not surprising 
considering that not all of the miracidia became effectively transfected. 
Positive signals were diffuse or concentrated in discrete foci. 
Representative results of confocal microscopy with cercariae are 
presented in Figures 9a-d and lOa-d. Figures 9a-d demonstrates a gallery 
of 4 photographs of experiments where the GFP-GST construct was 
employed. GFP -positive cercariae are demonstrated in Figures 9a-c, 
whereas Figure 9d is of a group of wild type cercariae. In Figures 9a-b 
fluorescence (yellow-white) is seen over a red background. In Figure 9c 
fluorescence (red) is seen in combination with Nomarski microscopy. 
Figure 9d shows several cercariae with negative signal (only the red 
background is visible). Figures lOa-d present a gallery of photographs, 
three (Figures lOa-c) with positive signals from experiments where the 
GFP-Sml-7 construct was introduced, and one (Figure lOd) wild type as 
control. Please note the pronounced fluorescence observable in the 
experimental images (Figures lOa-c) as compared with control (Figure 



b. Adult worms: Figures lla-i present a gallery of nine 
photographs as follows: Figures lla-d show a worm from an experiment 
in which the GST-GFP (inverse) was employed, Figure lie shows a wild 
type worm, and Figures 1 lf-i show a worm from an experiment in which 
the GST-GFP was employed. Strong expression typified the male worm 
in Figures 1 lf-i. Focal fluorescence (autofluorescence) at the tips (mouth 
and tail) of the male worm of Figures lla-d was also observed. Focal 
fluorescence at the anterior was also present in the wild type worm of 
Figure lie. Figures 12a-f present a gallery of six photographs of adult 
worms, in which Figure 12a shows a strongly positive male-female pair 
from a GFP-GST transgenesis, Figures 12a-b show two positive male 
worms from an GFP-Sml-7 transgenesis experiment, Figures 12d-e show 
two negative male- female wild type worms, and Figure 12f show a 
negative female wild type worm showing non specific fluorescence of the 
ovarium (non specific fluorescence of the gut is also found when pigment 
resulting from digestion of hemoglobin is present). 



lOd). 
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Anti-GFP tests: Figures 13a-d present a gallery of four 
photographs taken with transgenic cercariae which underwent fluorescent 
antibody staining. The photographs of Figures 13a-b were taken with 
bodies of GFP-GST transgenic cercariae, one of them (13b) with 
fluorescent Cy-5 labeled antibody staining (red over blue) staining, and 
the other with both GFP (green) and Cy-5 fluorescent antibody (red) 
staining. The other 2 cercariae shown in Figures 13c-d were from an 
experiment with GFP-SM1-7 transgenesis. They were viewed by both 
GFP and CY-5 staining. Differences in intensity can be observed. 
Examining adult worms is particularly important because of the non 
specific fluorescence observed in some cases at the anterior and posterior 
ends and at the position of the ovarium. 

Although the invention has been described in conjunction with 
specific embodiments thereof, it is evident that many alternatives, 
modifications and variations will be apparent to those skilled in the art. 
Accordingly, it is intended to embrace all such alternatives, modifications 
and variations that fall within the spirit and broad scope of the appended 
claims. 
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